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Methods and Results. To study the physiological significance of changes in coronary perfusion on global and regional myocardial function in situ, the left anterior descending coronary artery of isoflurane-anesthetized swine was cannulated, and perfusion was varied. In one group of swine (n=5), coronary arterial pressure was increased in four steps from 88±+11 to 186±+11 mm Hg by increasing the speed of the pump circuit providing coronary blood flow. No changes in left ventricular end-diastolic pressure, peak pressure, or maximum left ventricular dP/dt were observed. Subendocardial blood flow (by radiolabeled microspheres) increased from 0.96±0.27 to 2.04±0.73 ml/min/g without any increase in systolic wall thickening (by sonomicrometry) or myocardial oxygen consumption of the anterior myocardium. In a second group of swine (n=8), coronary arterial pressure was kept constant and coronary blood flow was increased stepwise by intracoronary adenosine infusion. End-diastolic pressure, peak pressure, and maximum left ventricular dP/dt remained unchanged when coronary blood flow increased from 21.7±9.8 to 93.8+34.1 ml/min. Subendocardial blood flow increased from 0.89±0.26 to 3.28±+1.02 ml/min/g, again without any increase in systolic wall thickening (45.6±8.6 versus 42.6+9.8%o) and myocardial oxygen consumption (5.75±+1.18 versus 5.87±+1.67 ml/min/100 g). In a third group of swine (n=10), coronary arterial pressure was lowered by intracoronary adenosine infusion during constant coronary inflow. Left ventricular hemodynamics remained unchanged. With a decrease in coronary arterial pressure from 130±25 to 71± 14 mm Hg, no decreases in subendocardial blood flow and systolic wall thickening were observed. Only when coronary arterial pressure was further reduced to 57+13 mm Hg did systolic wall thickening fall to 25.7+9.9% (control, 31.1+11.1%), associated with a decrease in subendocardial blood flow from 1.17+0.39 to 0.87+0.52 ml/min/g. Conclusions. Thus, the Gregg phenomenon plays no significant role within or above the autoregulatory pressure-flow range normally seen in anesthetized swine in situ. (Circulation 1991; 83:1390 -1403 T he observation that increased coronary perfusion leads to an increased myocardial contractility and oxygen consumption is referred to as the "Gregg phenomenon."112 This is a causal relation inverse to that of the metabolic adjustment of coronary blood flow (CBF) to cardiac oxygen metabolism. 3, 4 The Gregg phenomenon has been observed in both work-ing5-15 and nonworking hearts16,17 of different species.
The "gardenhose" hypothesis, as one explanation of the Gregg phenomenon, states that increasing intravascular pressure distends the myocardial vessels that, in tum, stretch adjacent myocardial fibers. 7, 914 This sort of internal preloading would lead to increased contractile performance by a local Frank-Starling mechanism, thus implying that the gardenhose effect may be related to primary changes in the diastolic properties of the myocardium. In contrast to the gardenhose hypothesis, other investigators demonstrated that increasing CBF, rather than coronary arterial pressure (CAP), produces the Gregg phenomenon. 5, 6, 8, [10] [11] [12] [13] 15 It was suggested that increased CBF may recruit latent capillary beds2'5'14 or may alter the release and metabolism of catecholamines. 10 Other investigators, however, have not found any effect of CAP10'18 or CBF19-23 on myocardial performance. Although these different findings may be, in part, related to the animal model used for a particular study,23 another essentially pathological explanation for the Gregg phenomenon is that augmented myocardial performance secondary to increased coronary perfusion is due to the reversal of an initial hypoperfusion of the myocardium. Although CBF is autoregulated over a wide pressure range,24,25 a close coupling between the decrease in subendocardial blood flow and regional myocardial function exists below this autoregulatory range. 26, 27 Because pathological changes in CBF frequently involve only a single vessel, it is important to determine whether blood flow, per se, or coronary perfusion pressure, per se, can be an independent determinant of regional contractile function and oxygen demand on the regional myocardial level. Thus, the present study tested the relevance of the Gregg phenomenon to regional perfusion and contractile function in situ. A central feature of the experimental model used in this study, unlike prior studies, was that the existence of myocardial ischemia under control conditions was ruled out.
The effects of changing CBF or CAP on global ventricular performance, regional contractile function, regional myocardial blood flow, and regional myocardial oxygen and lactate consumption of the anterior myocardium were assessed.
Methods
The study was performed, in part, in the Seaweed Canyon Laboratory at the University of California San Diego and in the Abteilung fur Pathophysiologie, University of Essen. Therefore, two groups of swine of different ages (3-4 months and approximately 1 year) and weights (20 and 45 kg) were used to complete this study. Because of the differences in age and weight among these two groups, the size of the perfusion territory of the left anterior descending coronary artery varied as did the total coronary inflow measured. Data from eight animals from San Diego (five with constant coronary inflow and three with constant CAP) and five animals from Essen (undergoing all three protocols discussed below) were combined. The swine were handled according to the guidelines of the American Physiological Society, and the protocol was approved by the Bioethical Committee of the District of Dusseldorf and the University of California San Diego. Animal Model Swine were sedated with ketamine hydrochloride (1 g i.m.) and anesthetized with thiamylal sodium (500 mg) administered through an ear vein. A tracheostomy was performed, and an endotracheal tube was positioned and connected to a respirator equipped with an isoflurane vaporizer. Anesthesia was maintained with isoflurane (1-2%) with oxygen, and ventilation was adjusted to keep Pco2, Po2, and pH within the normal range: Pco2 at 35±5 mm Hg, Po2 at 100 mm Hg or more, and pH 7.35 ±0.05. Both carotid arteries were cannulated, one with a large polyethylene catheter that served as the blood supply for the extracorporeal circuit for coronary perfusion and the other with a small polyethylene catheter for pressure measurement and arterial blood sampling. An internal jugular vein was cannulated to return blood from the extracorporeal circuit before coronary cannulation, and a saphenous vein was cannulated for saline infusion. Rectal temperature was measured periodically, and swine were kept on a circulating hot water pad to prevent hypothermia (body temperature, 36.8°-37.4°C).
A left lateral thoracotomy was performed in the fourth intercostal space, and the pericardium was opened and sutured to cradle the heart. Electrodes were sutured to the left atrium for electrical pacing (5800, Medtronic, Inc., Minneapolis, Minn.). A micromanometer (P7, Konigsberg Instruments, Inc., Pasadena, Calif.) as well as a fluid-filled catheter connected to a pressure transducer (P23Db, Statham, Hato Rey, Puerto Rico) were placed in the left ventricle through the apex for the measurement of left ventricular pressure. Alternatively, a calibrated micromanometer (Sensodyn A-5F-i, Braun-Melsungen AG, FRG) was positioned in the left ventricle through the right carotid artery for pressure measurement.
Ultrasonic crystals were then implanted in the anterior wall within the perfusion bed of the left anterior descending coronary artery to measure wall thickness by standard techniques. 28 To verify the stability of the preparation, a second set of ultrasonic crystals was implanted in the lateral wall (control zone) within the perfusion bed of the left circumflex coronary artery.
The proximal left anterior descending coronary artery was dissected free from surrounding tissue for a distance of approximately 2 cm. After the swine were heparinized (20,000 IU initial dose, followed by 10,000 IU/hr), the left anterior descending coronary artery was ligated and rapidly cannulated. CAP was measured through a distal side arm of the cannula. Pressure drop from the cannula tip to the side arm was measured in vitro with heparinized blood at 36.8°C, over a flow range from 0 to 150 ml/min; the maximum pressure difference that occurred was 2.05 mm Hg at a flow rate of 150 ml/min. CAP values presented in this study were corrected for this pressure drop.
Blood flow to the left anterior descending coronary artery was supplied by an extracorporeal circuit having two side ports; one for microsphere injection and one for adenosine infusion. The extracorporeal circuit included an occlusive roller pump (Masterflex, Cole-Parmer Instrument Co., Chicago, Ill.), windkessel, and an electromagnetic flow probe (model RC 2000, Micron Medical, Los Angeles, Calif.). The microsphere injection port was proximal (just distal to pump and windkessel) in the extracorporeal circuit, and spheres were injected in the opposite direction of flow to facilitate mixing with blood. The adequacy of mixing was tested; the data are reported in a previous study. 29 A large vein draining the anterior myocardium was cannulated for venous blood samples. Arterial blood samples and coronary venous blood samples were taken during each steady-state condition for measurements of oxygen content (OC60, Cavitron/Lex-02-CON-K, Lexington Instruments, Waltham, Mass.) as well as plasma lactate concentration.30 Left ventricular pressure, CAP, coronary inflow, and wall thickness of the anterior and the lateral wall were recorded on an eight-channel recorder (model 220, Brush, Cleveland, Ohio) and on 0.5-in. magnetic tape.
Blood Flow Measurements
Regional myocardial blood flow distribution was measured with 15-,.tm microspheres (Du Pont Co., Boston) labeled with one of the following radionuclides: cerium-141, indium-114, chromium-51, tin-113, ruthenium-103, niobium-95, or scandium-46. For each measurement, approximately 130,000 spheres suspended in saline were injected into the extracorporeal circuit perfusing the left anterior descending coronary artery. Microspheres were diluted to adjust the number of spheres for an injection volume of 1 ml. Each microsphere injection was followed by a flush of 3 ml saline solution at a slow speed to avoid changes of CAP (approximately 90 seconds). After the study, the perfusion bed of the left anterior descending coronary artery was determined by injecting Trypan blue dye through the coronary cannula into the beating heart just before an intravenous injection of euthanizing solution (T-61, 0.3 ml/lb). The radioactivity content of the entire dyed area was determined for use in the calculation of regional blood flow (see below). The left ventricular samples were divided into transmural thirds, and then, all samples were placed in glass tubes for counting gamma radioactivity with a multichannel gamma counter (model 5912, Gammaszint BF5300 Packard). Blood flow corrected for wet weight of the tissue was calculated with standard techniques modified for the coronary injection of the microspheres. Thus, blood flow was calculated using the equation: counts per sample counts injected blood flow to sample coronary inflow The radioactivity injected was determined by totaling all counts from the perfusion bed, and coronary inflow was measured with the electromagnetic flowmeter. The number of microspheres in each tissue sample was calculated with the predetermined number of counts per sphere. Samples usually contained greater than 1,000 spheres and never fewer than 700.31,32
Experimental Protocol
Group 1 (n =5). Increases in coronary arterial pressure and coronary blood flow. CAP was increased in four steps of 25 mm Hg by increasing CBF through adjustment of the perfusion pump. Measurements were made at steady state of CAP, starting from a control CAP of 80-90 mm Hg. Regional myocardial blood flow was measured under control conditions and at the highest CAP of 180-190 mm Hg. Group 2 (n=8). Constant coronary arterial pressure. With CAP maintained constant by the servo-controlled perfusion pump, adenosine was infused into the perfusion system to increase coronary inflow by approximately 100%, 200%, 300%, and 400%. During each steady-state condition, hemodynamic measurements were obtained, and regional myocardial blood flow was measured under control conditions and during the maximal increase in CBF achieved by intracoronary adenosine infusion. Group 3 (n=10). Constant coronary inflow. To reduce CAP independently of coronary inflow, adenosine was infused into the perfusion system while coronary inflow was held constant. CBF was set initially to produce a CAP 40 mm Hg higher than left ventricular peak pressure (mean, 130 mm Hg). Adenosine was then infused to reduce CAP to 110, 90, 70, and 55 mm Hg. During each steady-state condition, hemodynamic measurements were made, and regional myocardial blood flow was measured at control and at a CAP of 55 mm Hg.
Data and Statistical Analysis
Data recorded on magnetic tape were replayed and digitized for beat averaging with the CORDAT software package33 developed in our laboratory. Fifteen sequential beats were averaged for each measurement. End-diastole was defined as the zero crossing point of the first derivative of left ventricular pressure (dP/dt) before its maximum value. Endsystole was defined as the time of maximum thickness of the anterior wall occurring within 20 msec before peak negative dP/dt.34 Hemodynamic parameters included left ventricular peak, endsystolic, and end-diastolic pressures; left ventricular maximum and minimum dP/dt; end-diastolic CAP and mean CAP; and mean CBF. The heart was paced by the left atrium, and heart rate was held AWT(%) Group 1: Increase in CAP and CBF AWT(%) Group 1: Increase in CAP and CBF 45 (expressed as a percentage of the end-diastolic wall thickness, AWT) for one swine of each group. Linear or quadratic fits between CBF or CAP and AWT were calculated. In groups 1 and 2, correlation coefficients of linear and quadratic fits were comparable, whereas in group 3, a quadratic fit improved the correlation coefficient. constant throughout the protocol. In addition, for each steady-state condition, myocardial oxygen consumption and, with correction for hematocrit level, lactate consumption of the myocardium perfused by the left anterior descending coronary artery were calculated according to Fick's principle. Systolic wall thickening as a percentage of the end-diastolic wall thickness (AWT) and mean systolic wall thickening velocity (AMV) were used to describe regional myocardial function. To address the possibility that variability in the control data may have obscured our ability to detect subtle changes in the regional wall thickening during the experimental protocol, we performed additional analyses on wall thickening (normalized AWT) and thickening velocity (normalized AMV) data normalized to a control value of 100%. Furthermore, a regression analysis between CBF or CAP and minimum dP/dt, myocardial oxygen consumption, and parameters for the assessment of regional myocardial function (AWT, normalized AWT, AMV, and normalized AMV) was performed. Figure 1 illustrates either a linear or a quadratic fit between CBF or CAP and AWT for one animal of each group.
Because in groups 1 and 2 a similar correlation coefficient for a linear or quadratic fit was calculated, a linear fit was used. In group 3, a quadratic fit was clearly more appropriate, reflecting the decrease in function only when a significant decrease in subendocardial perfusion occurred.
A one-way analysis of variance for repeated measures was performed; when an overall significant difference between the different time points within the three groups of swine was detected, individual mean values were compared by use of post-hoc tests. A probability value less than 0.05 indicated a significant difference. Data are reported as mean±+SD. The coefficients of the individual relations are presented in Tables 2, 4 , and 6. Coefficients of the linear and quadratic fits were tested for significance from zero by analysis of covariance; a probability value less than 0.05 indicated a significant difference.
Results
Hemodynamic and regional function data are summarized in Tables 1 to 6 CAP1-4, coronary artery pressure increased in four steps of 25 mm Hg; HR, heart rate; EDP, left ventricular end-diastolic pressure; PP, peak left ventricular pressure; ESP, end-systolic left ventricular pressure; Max dP/dt, maximum positive value of the first derivative of left ventricular pressure; Min dP/dt, minimum value of the first derivative of left ventricular pressure; CAPed, end-diastolic coronary arterial pressure; CBF, coronary blood flow; AED, end-diastolic thickness of the anterior wall; AES, end-systolic thickness of the anterior wall; AWT, systolic wall thickening in percentage of AED; AMV, mean anterior systolic wall thickening velocity; nAWT, normalized AWT; nAMV, normalized AMV; PED, end-diastolic thickness of the posterolateral wall; PES, end-systolic thickness of the posterolateral wall;
PWT, systolic wall thickening in percentage of PED; PMV, mean posterior systolic wall thickening velocity; Vo2, myocardial oxygen consumption; VL, myocardial lactate consumption; ENDO, subendocardial blood flow; EPI, subepicardial blood flow; TMF, transmural myocardial blood flow; ENDO/EPI, subendocardial-to-subepicardial blood flow ratio. *p<0.05 vs. control, tp<0.05 vs. previous intervention. summarized in Figures 2 and 3 . An original tracing from one study of group 3 is shown in Figure 4 . Group 1 Heart rate was paced at 97±8 beats/min. During the stepwise increases in CAP from 88±11 to a maximum of 186+11 mm Hg, CBF increased from 20.6+9.6 to a maximum of 53.4±31.9 ml/min. No changes in end-diastolic, end-systolic, and peak pressures and maximum dP/dt were observed. However, at the two highest levels of CBF, minimum dP/dt was significantly decreased. Inspection of the individual responses of minimum dP/dt to increases in CAP or CBF showed a decrease in minimum dP/dt in four (CAP) or three (CBF) swine ( Table  2) . Subendocardial blood flow of the anterior left ventricular wall was doubled (p<0.05) at the highest CAP, whereas subepicardial blood flow remained unchanged. In one of the five swine, suben-docardial blood flow increased threefold above subepicardial blood flow leading to the reported large standard deviation of the averaged subendocardial-to-subepicardial blood flow ratio. Concomitant with the increase in subendocardial blood flow, there was an increase in end-diastolic and end-systolic wall thickness of the anterior myocardium. AWT or AMV, however, were not increased by the increase in CAP and CBF ( Figure 2 ). After the slope of the linear regression between CAP or CBF and AWT was calculated, some of the animals, in fact, showed a significant decrease in AWT with increased CAP or CBF ( Table 2) . When normalizing AWT to control conditions (control was set 100%), there was a significant decrease in normalized AWT with the highest increase in CAP. This decrease in normalized AWT was due to an increase in end-diastolic wall thickness during the highest CAP while the systolic wall excursion was AWT, anterior systolic wall thickening in percentage of the end-diastolic wall thickness; nAWT (% of control), normalized AWT; AMV, mean anterior systolic wall thickening velocity; nAMV, normalized AMV; Vo2, myocardial oxygen consumption.
Slope and r are presented; *slope significantly different from zero. Arrow indicates the direction of the change (4, decrease; 4, increase)
with increasing coronary arterial pressure or coronary blood flow.
unaffected. Myocardial oxygen consumption of the anterior wall also did not increase. However, with an increase in coronary inflow to 37.3+± 19.2 and 53.4+31.9 ml/min, lactate consumption of the anterior myocardium was increased. AWT and AMV of the control area remained unchanged throughout the protocol. Group 2
Increasing coronary inflow from 21.7±+9.8 to 93.8+±34.1 ml/min by graded infusion of adenosine into the pressure-constant perfusion system did not change end-diastolic, end-systolic, and peak pressures or maximum dP/dt. However, at the two highest levels of coronary inflow, there was a decrease in minimum dP/dt ( Table 3 ). Six of the eight swine showed a significant decrease in minimum dP/dt with increased CBF (Table 4 ). Subendocardial blood flow increased from 0.89+±0.26 under control conditions to 3.28±1.02 ml/min/g with the highest adenosine infusion rate (p<0.05 versus control). This increase in subendocardial blood flow was associated with an increase in end-diastolic and end-systolic wall thickness of the anterior myocardium. However, AWT (Figure 3 ), normalized AWT, AMV, normalized AMV, and myocardial oxygen consumption were not increased by intracoronary adenosine infusion. Inspection of the individual data again showed a decrease in AWT and normalized AWT with increasing CBF in five swine. With the two highest flows observed during intracoronary adenosine infusion, lactate consumption increased significantly to 31.20±1.20 and 73.28±22.40 ,umol/min/100 g. No changes in regional myocardial function of the control zone were measured.
Group 3
During adenosine infusion into the left anterior descending coronary artery, which was perfused at constant inflow, CAP decreased from 130+25 under control conditions to 110±22, 88+15, 71+14, and 57±13 mm Hg (each p <0.05 versus previous intervention). End-diastolic, end-systolic, and peak pressures, maximum and minimum dP/dt, and the regional function of the control area remained unchanged throughout. With a decrease in CAP from 130+25 to 71± 14 mm Hg, no decreases in AWT or AMV were observed. Only when CAP was further reduced to 57±+13 mm Hg did AWT and AMV fall to 25.7±9.9% and 7.3±2.5 mm/sec (control, 31 .1±11.1% and 9.0±3.5 mm/sec), respectively, associated with a decrease in subendocardial blood ADO1-4, increasing intracoronary adenosine infusion rate (range, 6-300 jug/min); HR, heart rate; EDP, left ventricular end-diastolic pressure; PP, peak left ventricular pressure; ESP, end-systolic left ventricular pressure; Max dP/dt, maximum positive value of the first derivative of left ventricular pressure; Min dP/dt, minimum value of the first derivative of left ventricular pressure; CAPed, end-diastolic coronary arterial pressure; CBF, coronary blood flow; AED, end-diastolic thickness of the anterior wall; AES, end-systolic thickness of the anterior wall; AWT, systolic wall thickening in percentage of AED; AMV, mean anterior systolic wall thickening velocity; nAWT, normalized AWT; nAMV, normalized AMV; PED, end-diastolic thickness of the posterolateral wall; PES, end-systolic thickness of the posterolateral wall; PWT, systolic wall thickening in percentage of PED; PMV, mean posterior systolic wall thickening velocity; Vo2, myocardial oxygen consumption; VL, myocardial lactate consumption; ENDO, subendocardial blood flow; EPI, subepicardial blood flow; TMF, transmural myocardial blood flow; ENDO/EPI, subendocardial-to-subepicardial blood flow ratio. *p<0.05 vs. control, tp<0.05 vs. previous intervention. flow from 1.17+0.39 to 0.87±0.52 ml/min/g. When AWT and AMV were normalized to control conditions, a significant decrease in normalized AWT and normalized AMV at the lowest CAP occurred (Table  5 ). Myocardial oxygen consumption and lactate consumption remained unchanged. When CAP was fitted against minimum dP/dt, AWT, or normalized AWT in eight of 10 animals, the calculated regression coefficients were not significantly different from zero, whereas two coefficients indicated a decreased AWT with increased CAP (Table 6 ).
Discussion
The major finding of this study is that regional myocardial function is independent of coronary perfusion within the pressure-flow range normally seen during coronary autoregulation. Increasing CAP from baseline values was not associated with an increase in global or regional function. When CAP was reduced below the autoregulatory range such that subendocardial blood flow also decreased, a decrease in regional myocardial function occurred. Increasing transmural myocardial blood flow up to four times above baseline values did not increase regional myocardial function.
Critique of Methods
In these studies, data from two groups of animals of different age and weight were combined. This led to a variability in the size of the left anterior descending coronary artery perfusion territory and in total coronary inflow values. However, when regional myocardial blood flow per minute and gram of tissue was calculated, blood flow values were similar among all animals. Left ventricular pressure was lower in the smaller swine, and regional myocardial function was similar.
In Group 1, only five animals were used. As seen in Table 2 CAPed (mmHg) FIGURE 2. Plot of changes in end-diastolic coronary arterial pressure (CAPed) on the x axis vs. concomitant changes in systolic myocardial wall thickening (AWT) on the y axis. In five swine, CAPed was increased by increasing the speed of the perfusion pump, whereas in 10 swine, CAPed was lowered by an intracoronary adenosine infusion with a constant coronary inflow preparation. When CAPed was increasedffrom 59 to 152 mm Hg, no change inA WToccurred. With a further increase in CAPed to 170 mm Hg, AWT tended to decrease, despite a doubling of regional myocardial bloodflow. Decreasing CAPed to 46mm Hg decreased AWT, associated with a decrease in subendocardial blood flow. Thus, changes in CAPed within the autoregulatory range are not associated with changes in AWT. Increasing CBF by up to 450% above baseline values was not associated with any increase in AWT.
reduced function with increasing CBF or CAP. Because of these negative results, it is highly unlikely that increasing the animal number would have changed our conclusion. In the original study by Gregg,l CAP was increased by the adjustment of the height of a blood reservoir, thus increasing CAP without increasing CBF within the autoregulatory range. In contrast, in the present study, CAP was increased by increasing CBF through the roller pump. However, the increase in CBF necessary to increase CAP from 88 to 123 mm Hg was only minor (3.2 ml/min). Above the autoregulatory range, the pressure-flow relations achieved during increases in CBF or CAP are superimpos- by an extracorporeal circuit while CAP was stepwise decreased by intracoronary adenosine infusion (ADOJ-4). Heart rate, left ventricular peak pressure, and maximum left ventricular (LV) dPldt remained unchanged. LV end-diastolic pressure increased during hypoperfusion of the subendocardium (ENDO, subendocardial blood flow). AWT was unchanged as long as the subendocardium was adequately perfused. With the onset ofischemia (AD04), a decrease in AWT ensued. Left ventricularpressure (LVP) was measured with both a high-fidelity micromanometer and a fluid-filled catheter; micromanometer output was differentiated for dP/dt, whereas the fluid-filled catheter was used to calibrate the manometer in situ.
able. 35 Because the goal of this part of the study was to examine the effect of an extensive increase in CAP on regional myocardial function and metabolism, the use of a flow-regulated system should be appropriate. The CAP measured in these studies was that in the proximal portion of the left anterior descending coronary artery. It must be acknowledged that this pressure is markedly different from that occurring in the microvasculature and that this more distal microvascular pressure may be the more relevant pressure in the context of the Gregg phenomenon. This is clearly so for the gardenhose hypothesis that attributes changes in myocardial function to sarcomere stretch in the surroundings of intramural vessels, thereby causing a local Frank-Starling effect. In recent studies, Chilian et a136 were able to measure microvascular pressure by use of micropipettes in the in situ heart. However, such measurements were restricted to the epicardial surface, whereas transmural wall function is largely determined by subendocardial function. 37 The measurement of an arterial pressure on the microvascular level was, therefore, not feasible for the present study. In the group of swine, in which proximal CAP and coronary inflow were simultaneously increased, it is, however, reasonable to assume that microvascular pressure was also increased considerably because subendocardial blood flow was doubled. The comparison of the present study to all previous studies on the Gregg phenomenon is furthermore not hampered by the lack of microvascular pressure values because prior studies also relied on the measurement of a proximal CAP for the assessment of arterial vascular distension.
In these experiments, the physiological significance of the Gregg phenomenon for altering global left ventricular and regional myocardial function of the anterior wall was studied. Regional myocardial function was expressed as systolic wall thickening as a percent of the end-diastolic wall thickness (AWT) or as mean systolic wall thickening velocity (AMV). Changes in preload and afterload are well known to affect both AWT and AMV38,39 independently of changes in myocardial contractility. However, left ventricular peak and end-diastolic pressures (used as ADO1-4, increasing intracoronary adenosine infusion rate (range, 6-300 ,g/min); HR, heart rate; EDP, left ventricular end-diastolic pressure; PP, peak left ventricular pressure; ESP, end-systolic left ventricular pressure; Max dP/dt, maximum positive value of the first derivative of left ventricular pressure; Min dP/dt, minimum value of the first derivative of left ventricular pressure; CAPed, end-diastolic coronary arterial pressure; CBF, coronary blood flow; AED, end-diastolic thickness of the anterior wall; AES, end-systolic thickness of the anterior wall; AWT, systolic wall thickening in percentage of AED; AMV, mean anterior systolic wall thickening velocity; nAWT, normalized AWT; nAMV, normalized AMV; PED, end-diastolic thickness of the posterolateral wall; PES, end-systolic thickness of the posterolateral wall; PWT, systolic wall thickening in percentage of PED; PMV, mean posterior systolic wall thickening velocity; Vo2, myocardial oxygen consumption; VL, myocardial lactate consumption; ENDO, subendocardial blood flow; EPI, subepicardial blood flow; TMF, transmural myocardial blood flow; ENDO/EPI, subendocardial-to-subepicardial blood flow ratio. *p<0.05 vs. control, tp<0.05 vs. previous intervention.
estimates of afterload and preload, respectively) did not change significantly throughout the different experimental protocols. The slight decrease in left ventricular peak pressure, that is, afterload, with intracoronary adenosine infusion would be expected to increase regional wall excursion, thus leading to an overestimation of any Gregg phenomenon that might have occurred. Baseline systolic function of the anterior wall reported for the three experimental groups was 38%, 46%, and 31%, respectively, whereas in the control posterolateral wall, the function was 25%, 39%, and 24%. There is a nonuniformity of systolic wall thickening throughout the left ventricle so that function generally increases from base to apex. 40 Thus, the function measured in the anterior wall of swine is indicative of the somewhat apical placement of the ultrasonic transducers. For comparison, systolic anterior wall thickening of 35%,29 33%,41 or 28%42 at rest have been previously reported for anesthetized swine. In our own experience, systolic wall thickening in the anterior wall of conscious dogs also could be as high as 38%. 43 Thus, systolic wall thickening in the present study appears to be in the upper normal range.
It might appear that the increases in end-systolic wall thickness during increased CAP or CBF in groups 1 and 2 at an unchanged end-systolic left ventricular pressure may represent an increase in the contractile state of the anterior myocardium. However, originally, changes in the slope of the endsystolic left ventricular pressure-volume relation have been used to describe changes in the contractile state of the myocardium.4445 To circumvent the difficulties of measuring left ventricular volume, several investigators attempted to substitute ventricular volume by regional ventricular wall dimension signals. The substitution of the end-systolic left ventricular volume by an end-systolic left ventricular wall thickness requires a constant left ventricular wall mass. 46 However, myocardial wall volume increases with increases in CAP and CBF.4748 Therefore, the increases in end-systolic wall thickness observed in the present study do not indicate increases in the contractile state of the myocardium but rather reflect changes in ventricular wall mass. This conclusion is strengthened by the unchanged myocardial oxygen consumption with increased CAP or CBF. To assess the effects of changing CBF or CAP on regional myocardial function, adenosine was used to alter coronary vascular resistance. Adenosine was used specifically because it has no negative inotropic effect on the myocardium in anesthetized swine49 or in conscious dogs50 when administered in a dose sufficient to cause maximal coronary vasodilation. Also, increasing CBF by adenosine during constant pressure did not decrease regional myocardial function compared with similar increases in CBF induced by increasing CAP (Tables 1 and 3 ).
In group 1, coronary inflow (259%) was increased to a larger extent than regional transmural myocardial blood flow (180%) during the maximum increase in CAP. This finding is explained by the perfusion territory of the left anterior descending coronary artery in swine. The left anterior descending coronary artery of swine perfuses the anterior wall of the left ventricle, the anterior part of the septum as well as parts of the anterior free wall of the right ventricle.
With increasing CAP and CBF in group 1, right ventricular blood flow increased. The extent of the Schulz et al Coronary Perfusion and Myocardial Function 1401 increase in flow to the right ventricular portion of the left anterior descending coronary artery bed, however, was 300%, thus indicating a greater increase in right ventricular blood flow compared with left ventricular blood flow.
Recently Miller and coworkers23 demonstrated that the Gregg phenomenon is, in part, a model-dependent phenomenon. They observed that in normal ejecting pig hearts, the Gregg phenomenon could not be demonstrated, thus supporting the findings of the present study. However, in pig hearts contracting isovolumetrically, the Gregg phenomenon was apparent during similar increases in coronary perfusion. Although this study may explain the different observations between an isovolumic and a normally ejecting heart, there are still contradictory findings among studies using normally ejecting hearts as to whether the Gregg phenomenon exists. 8,9,13"158-22 An essentially pathological explanation for the Gregg phenomenon in the ejecting heart is that the augmented myocardial performance secondary to increased coronary perfusion was due to the reversal of an initial hypoperfusion of the myocardium. In the present study, regional myocardial blood flow in terms of absolute blood flow, blood flow distribution, regional myocardial function, and metabolism were measured to verify that an initial hypoperfusion of the myocardium could be excluded.
It needs to be emphasized that a subendocardialto-subepicardial blood flow ratio less than 1 (Table 3) is not necessarily indicative of hypoperfusion in the anterior myocardium of swine. Pantely et a142 presented subendocardial-to-subepicardial blood flow ratios from 0.74 to 1.33 under control conditions. Also, Indolfi et a141 and Guth et a151 using anesthetized swine showed subendocardial-to-subepicardial blood flow ratios less than 1 under control nonischemic conditions. In conscious swine, Savage et a152 demonstrated a mean transmural blood flow of 0.67±0.05 ml/min/g at a heart rate of 110 beats/min and a left ventricular pressure of 120 mm Hg under resting conditions. Similar transmural blood flows of 0.67±+0.08 ml/min/g were presented for anesthetized swine having heart rates of 85 beats/min and a left ventricular pressure of 100 mm Hg.53 Further excluding an initial hypoperfusion under control conditions, all animals in the present study had a lactate extraction higher than 10% (group 1, 26.21±+ 13.32; group 2, 33.93±10.61; and group 3, 16.07+5.73). Comparable data have been reported previously42,51 for anesthetized swine in situ under normal conditions. Thus, even though the subendocardial-to-subepicardial blood flow ratio was less than one, absolute blood flow, functional, and biochemical data effectively ruled out an initial hypoperfusion in the present study. Thus, our data support the hypothesis that in previous studies, 8,9"13"15 in which the Gregg phenomenon was demonstrated, an initial hypoperfusion of the subendocardium was probably present, as also suggested previously by other investigators. [54] [55] [56] Below the autoregulatory range, that is, during myocardial ischemia, an increase in myocardial perfusion by recruitment of coronary dilator reserve will concomitantly increase regional myocardial function. 57, 58 In that respect, the failure of Pantely et a142 to observe an increase in regional function with recruitment of dilator reserve after 20 minutes of hypoperfusion neither proves nor disproves a Gregg phenomenon but may reflect some degree of "stunning" superimposed on ischemic dysfunction or a heterogeneous recruitment of dilator reserve to only small nonischemic regions.22
Diastolic Properties of the Myocardium
Coronary distension by increasing CAP and a subsequent increase in myocardial performance through a local Frank-Starling mechanism have been suggested as the underlying mechanism of the gardenhose effect. Indeed, several studies,47'48'59-62 demonstrated that left ventricular compliance may be dependent on CAP. However, Olsen et a162 pointed out that within the autoregulatory CAP range (80-120 mm Hg), there was no shift in the pressuredimension relation of isolated dog hearts. Only when CAP was lowered below this range could a change in left ventricular compliance be detected. In the present study, we did not examine the diastolic properties of the left ventricle in detail. Decreasing CAP independently of coronary inflow, however, did not change end-diastolic wall thickness of the anterior myocardium or left ventricular end-diastolic pressure. Also, the maximum velocity of isovolumic left ventricular pressure decline (minimum left ventricular dP/dt) was unchanged. In contrast, increasing CBF by more than two times above the control level with or without a simultaneous increase in CAP, led to an increased end-diastolic wall thickness of the anterior myocardium, whereas end-diastolic left ventricular pressure was unchanged. During this increase in CBF, engorgement of the myocardium might have resulted in increased turgor and stiffening of the left ventricular wall as suggested by other investigators,63'64 and thereby have decreased minimum left ventricular dP/dt.
Systolic Function and Metabolism
The data of the present study are in agreement with previous investigations demonstrating that increasing CBF or CAP did not increase myocardial function.18-23 A more detailed analysis even showed that with increasing CAP or CBF regional myocardial function in some animals decreased (Tables 2, 4, and 6). With a doubling of CBF either by increasing the CAP or by intracoronary adenosine infusion, lactate consumption of the anterior myocardium increased significantly. The constant myocardial oxygen consumption during these increases in CBF suggests a change of substrates for myocardial metabolism. We did not measure other metabolic substrates. However, it might be speculated that with an increasing supply of lactate to the myocardium by increasing CBF, its cellular uptake was increased.65 An increased intracellular lactate concentration inhibits glycolysis and free fatty acid utilization65 and increases lactate consumption. A recent study by Miller et a166 revealed that during increased coronary perfusion no change occurred in free fatty acid utilization in the pig myocardium. These findings are not in contrast to the present study because in that previous study, an increase in CBF by only about 70% above control levels was achieved. Changes in lactate consumption, however, occurred in the present study only when CBF was increased at least by 100% above baseline values.
In conclusion, we could not demonstrate the Gregg phenomenon in an anesthetized swine preparation in situ. In agreement with previous studies,18-23 we did not find any increase in regional myocardial contractile function with increasing coronary perfusion within or above the autoregulatory range. As long as the subendocardium is normoperfused or hyperperfused, neither increases in CAP nor CBF result in enhanced regional myocardial function.
